Abstract-An X-band pyramidal horn antenna with a fourth order Chebyshev filtering function is presented in this paper. Four resonators are implemented in linear rectangular waveguide in the filter design. The last stage resonator provides not only resonance pole but also radiation function. To achieve high directivity, a pyramidal horn is attached to the filter output port, with negligible effect on the filter performance. Theoretical results are calculated based on the coupling matrix between the resonators. Finally, a pyramidal horn antenna operating at 10 GHz is designed and fabricated for demonstration. The measured results have found to be in good agreement with the simulated ones.
INTRODUCTION
X-band wireless communication systems are widely applied in different fields, such as radar, space, and satellite communications. In these systems, both filters and antennas are most common individual components. It means that a matching circuit is needed between them. The systems usually occupy too much space. Hence, there has been some demand to integrate them in a single component, which is called filtering antenna, to omit matching design and reduce size.
Recently, there has been great interest among researchers in designing antennas with filtering function [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Antennas combined with cavity filters using a substrate integrated waveguide (SIW) technique were proposed in [1] [2] [3] . In [4] [5] [6] [7] [8] [9] [10] , the authors used the method of filter synthesis to design filtering antennas since the antenna unit served as a radiator as well as one of the resonators. The antenna units were designed in various forms, such as U-shape [4, 5] , Γ-shape [6] , and fan-shape [7] . An approach of X-band waveguide antenna with integrated filter was presented in [8] . X-band waveguide planar filtering antenna arrays using an all-resonator structure was reported in [11] and [12] , where the coupling matrix was calculated to deduce the physical dimensions.
Typically, a horn antenna is a broadband radiator. Its frequency range is bounded by cutoff frequencies of the first two modes provided by the feeding waveguide [13] . However, we require narrow band response in some fields such as radar and satellite communications in order to reduce noise interference. To solve this problem, waveguide horn antennas with microstrip filters integrated were presented in [14, 15] . But the in-band characteristics are not good enough, and the horns take up too much space.
This letter presents a filtering pyramidal horn antenna. As depicted in Fig. 1(a) , it comprises four cavity resonators in the rear of the horn, while the last stage resonator also acts as a radiator. The resonators are coupled through the inductive iris. Fabrication and measurement are illustrated. The proposed antenna operates at X-band 10 GHz with a fourth order Chebyshev filtering response with fractional bandwidth (FBW) of 2%. 
FILTER SYNTHESIS AND HORN DESIGN
Figure 2(a) shows the coupling topology of the proposed antenna. The symbols Qe and Qr are the external quality factor of the input resonator and the radiation quality factor of the output resonator, respectively. M 12 , M 23 , and M 34 are the coupling coefficients between the adjacent resonators. Since the antenna is designed as the last resonator, the radiation output is equivalent to the output port of the relevant bandpass filter, as shown in Fig. 2(b) . Thus, Qr = Qe is required. The value of Qr can be extracted from the simulated magnitude of S 11 response using a Q-calculation technique for a one-port component [16] . Fig. 3 ) versus the aperture width (w r ). The Qr value is obtained from CST simulation software. When w r increases, the Qr value decreases. Thus, the radiation quality factor can be adjusted by controlling the width of the aperture. The Qr value of the single cavity resonator with the proposed pyramidal horn is also plotted in Fig. 3 for comparison, which tells that radiation factor is insensitive to the additional horn. Fig. 4 depicts the extracted Qe value versus the iris window width (w e ). The dimension of w r should be determined to meet the equation Qr = Qe, referring to Fig. 3 and Fig. 4 .
In this design, a fourth order Chebyshev lowpass prototype with a return loss of −20 dB and FBW of 2% is chosen. Equations between the values of the lumped elements and the normalized coupling coefficients and external/radiation quality factors can be listed as [17] :
where g According to Cozzens's method, the dimensions of the pyramidal horn, as shown in Figs. 1(b) and (c), can be obtained using the following formulas [18] :
where l a and l b are the H-plane (xz-plane) and E-plane (yz-plane) aperture lengths, respectively; h is the axial length; λ is the wavelength of the center frequency; G is the given antenna gain; and k is a coefficient determined by G. In our design, setting a gain of 15 dB, the coefficient k is 1.25 from the table in [15] . Thus, the original dimensions of the proposed horn are calculated to be l a = 78.81 mm, l b = 58.38 mm, and h = 37.5 mm.
The simulated H-plane radiation patterns under different H-plane aperture lengths l a is depicted in Fig. 6 , and the E-plane radiation patterns under different E-plane aperture lengths l b is depicted in Fig. 7 . The results show that the directivity has little change with different l a . But when l b decreases, sidelobe decreases while beamwidth increases. Hence, l b is chosen to be 38.38 mm in this work to obtain an optimized directivity and reduce antenna size. 
SIMULATED AND EXPERIMENTAL RESULTS
The X-band filtering pyramidal horn antenna with optimized parameters listed in Fig. 1 is fabricated using aluminum alloy material for experimental verification. Full-wave simulation is carried out by CST software, and the measured S-parameter is characterized in HP N5230A network analyzer. Fig. 8 shows the simulated E-field magnitude distribution. Fig. 9 illustrates the simulated and measured reflection responses and realized radiation gain. It can be found that the results are in good agreement, and good filtering response is achieved. The measured center frequency is located at 10 GHz, and return loss is better than 14.55 dB in the passband from 9.88 GHz to 10.12 GHz. The measured radiation gain is compared with the simulated one in Fig. 9 . It is observed that the filtering pyramidal horn antenna has a maximum gain of 14.45 dBi in simulation and 14.31 dBi in measurement at 10 GHz. Compared with the horn antenna without the filtering section, the selectivity of the gain is highly improved. A photograph of the fabricated antenna is shown in Fig. 10 . The normalized co-polarization radiation patterns in H-and E-plane orientations are presented in Fig. 11 . The measured sidelobe levels in H- plane and E-plane are below −27.5 dB and −13.5 dB, respectively. The cross-polarized levels in H-plane and E-plane are both below −20 dB in measurements and below −45.5 dB and −44.9 dB in simulations. The measured radiation efficiency is presented in Fig. 12 , which shows that the antenna obtains a practical radiation efficiency of more than 82% from 9.94 GHz to 10.14 GHz. Both the radiation gain and efficiency illustrate great selectivity and out-of-band rejection. More radiation performance of the proposed filtering pyramidal horn antenna is summarized in Table 1 . 
CONCLUSION
This paper has presented an X-band waveguide filtering pyramidal horn antenna. The filtering function is a fourth order standard Chebyshev equal-ripple response. The external/radiation quality factor and coupling coefficients have been extracted to synthesize the filtering antenna. The dimensions of the pyramidal horn are designed using Cozzens's method and further optimized by simulation. Finally, the proposed antenna is fabricated and measured for experimental verification. Good agreement between the simulated and measured results is obtained. This filtering antenna is practical in X-band wireless communication systems.
